Small pieces of Torpedo electric organ were cryofixed at 1-ms time intervals in a liquid medium at -190°C before, during, and after the passage of a single nerve impulse. In contrast to studies using this or other preparations, these experiments were done without 4-aminopyridine or other drugs that potentiate transmitter release. Freeze-fracture replicas were made from the most superficial layers of the tissue, where the rate of cooling was rapid enough to retain ultrastructure in the absence of chemical fixation. We found that the transmission of an impulse was accompanied by the momentary appearance of a population of large intramembrane particles in both the protoplasmic (P) and the external (E) leaflets of the presynaptic plasma membrane. The change was very brief, appearing soon after the stimulus artifact. It lasted for 2-3 ms. Large pits denoting vesicle openings at the presynaptic membrane were found in a small proportion of nerve terminals; their number did not increase during transmission of the nerve impulse. Reducing the temperature from 16 to 5°C slowed the time course of both the electrophysiological response and the change in intramembrane particles. The number of large particles did not increase when stimulation was applied in a low-Ca medium, a condition where the nerve terminals were still depolarized by the action potential but did not release the neurotransmitter. From these and other observations, we conclude that this transient change of intramembrane particles is closely linked to the mechanism of acetylcholine release at the nerve-electroplaque junction.
ABSTRACT
Small pieces of Torpedo electric organ were cryofixed at 1-ms time intervals in a liquid medium at -190°C before, during, and after the passage of a single nerve impulse. In contrast to studies using this or other preparations, these experiments were done without 4-aminopyridine or other drugs that potentiate transmitter release. Freeze-fracture replicas were made from the most superficial layers of the tissue, where the rate of cooling was rapid enough to retain ultrastructure in the absence of chemical fixation. We found that the transmission of an impulse was accompanied by the momentary appearance of a population of large intramembrane particles in both the protoplasmic (P) and the external (E) leaflets of the presynaptic plasma membrane. The change was very brief, appearing soon after the stimulus artifact. It lasted for 2-3 ms. Large pits denoting vesicle openings at the presynaptic membrane were found in a small proportion of nerve terminals; their number did not increase during transmission of the nerve impulse. Reducing the temperature from 16 to 5°C slowed the time course of both the electrophysiological response and the change in intramembrane particles. The number of large particles did not increase when stimulation was applied in a low-Ca medium, a condition where the nerve terminals were still depolarized by the action potential but did not release the neurotransmitter. From these and other observations, we conclude that this transient change of intramembrane particles is closely linked to the mechanism of acetylcholine release at the nerve-electroplaque junction.
Transmission of a nerve impulse at synapses takes only a few milliseconds. This makes it difficult to distinguish, with biochemical or morphological techniques, the changes that accompany transmission of the nerve impulse and from the changes that take place soon thereafter. The difficulty can be overcome by using rapid-freezing methods and by treating the synapse with drugs, such as 4-aminopyridine, which potentiate and prolong the release of acetylcholine. This strategy was used by Heuser et al. (1) in their freeze-fracture work on the frog neuromuscular junction. They found that during and soon after the passage ofan impulse there is a large increase in the number of vesicle openings in the active zones of the motor nerve terminals. Active zones are specialized areas of this membrane that are near a double row of synaptic vesicles (2). This was followed by the appearance, at the same place, of large intramembrane particles (IMPs; ref. 3) . Vesicle openings were also found by Torri-Tarelli et al. (4) in cryofixed neuromuscular junctions that had been stimulated in the presence of 4-aminopyridine and a high-Ca concentration. These authors used cryosubstitution since they found that freeze-fracture did not preserve the ultrastructure of nerve terminal membranes [due to the large size of the myofibers, only muscle fragments with nerve terminals against the coolant are expected to give well-preserved presynaptic membranes, and the protoplasmic (P)-face of the terminal membrane facing the synaptic cleft cannot apparently be replicated since it is removed by the blade during the fracture step].
The electric organ of Torpedo is a much more favorable preparation since it is a modified neuromuscular system composed of many superposed electroplaques innervated by an extremely rich network of purely cholinergic terminals. In Torpedo marmorata, the electroplaques are very thin (<10 ,gm), myofibrillar material is absent (the organ is made of >90% water), and the density of synapses is so high that the chance of finding a favorable fracture of nerve terminal membranes is much higher than with a neuromuscular preparation. In addition, due to the thinness ofthe electroplaques, it is possible to alternatively freeze tissue fragments with nerve terminals against the coolant and fragments with the electroplaque against the coolant so that both P and external (E) faces of the presynaptic membrane facing the synaptic cleft can be obtained (5) .
We have analyzed (5) the ultrastructural changes of the electric organ accompanying transmission of an impulse that was prolonged by 4-aminopyridine treatment. The number of vesicle openings did not increase at the beginning of the postsynaptic response (when the rate ofacetylcholine release was expected to be maximal) but did increase at a later time. On the other hand, an increase in the number of large IMPs was noted in the P and E faces of the presynaptic plasmalemma. The IMP density increase started with the first rise of the potential and closely followed its time course. This observation suggested that IMPs might be implicated in transmitter release, as proposed by Israel et al. (6, 7) , who also found an increase in the number of large IMPs during acetylcholine release in synaptosomes isolated from the Torpedo electric organ and in a reconstituted system, where transmitter release was elicited in the absence of synaptic vesicles (8) .
In the above studies on both the electric organ and neuromuscular junction, transmitter release was either triggered or enhanced by 4- (9) . The present report describes a series of experiments conducted after several methodological improvements.
Abbreviations: IMP, intramembrane particle; P and E face, the protoplasmic and external membrane leaflet, respectively. , and small fragments containing one or two prisms (stacks of electroplaques) were carefully dissected. The prisms were then passed through a hole pierced in a gold ring designed to fit onto the cold stage of the freeze-fracture apparatus (see details in ref. 5) . In a given stimulation-freezing experiment, we used 10-20 prisms that were fixed in their gold rings at different places under the freezing head of the stimulator. Before the experiment, all specimens placed under the freezing head were kept at rest at 16-18'C for at least 20 min in a physiological elasmobranch medium containing 280 mM NaCl, 7 mM KCl, 4.4 mM CaCl2, 1.3 mM MgCl2, 5 mM NaHCO3, 1.2 mM NaH2PO4, 300 mM urea, 5 mM glucose (pH 7.2). The medium was gassed with 95% 02/5% Co2.
Subsequently, the freezing head was elevated and retained by a magnetic lock. When the machine was started, the magnetic lock opened, liberating the freezing head. During the descent, a single stimulus was applied to each specimen in sequence at 1-ms time intervals. All specimens were frozen at the same time when the freezing head fell into a large volume of 20-40% (vol/vol) isopentane in liquid propane maintained at ca. -190'C by liquid nitrogen. A small thermocouple made of constantan and copper wires (30 Am in diameter) was placed under the freezing head at the level of the prisms, to record with precision the time of impact with the cooling medium ( Fig. 1 ). This permitted us to determine the time between the stimulus and the impact for each specimen. In each experiment, a few prisms received the stimulus after the freezing time. These samples served as additional controls along with one or two completely unstimulated specimens.
Each frozen prism with its gold ring was separated from the freezing head and kept in liquid nitrogen until it was placed mvm in the reverse position. Well-cryofixed P and E faces of the presynaptic plasmalemma were identified by their relationships with the postsynaptic membrane. Quantitation of IMPs and measurements of IMP diameter were carried out as described (5, 10) .
RESULTS
Rapid Freezing of the Specimens. Fig. 1 shows the history of a stimulation-freezing experiment. The temperature change was recorded by the thermocouple; the potential was recorded from one of the prisms of electroplaques. The record started during the fall of the freezing head, at the precise time when the stimulus was applied to the first specimen. On the second trace, brief potential changes occurred at regular 1-ms intervals. They were artifacts of the stimuli given to the neighboring prisms. The much larger downward deflexion was the stimulus artifact of the recorded specimen. It was followed by the electrical response generated by the prism. The electric discharge in the Torpedo electric organ is made up by the sum of individual postsynaptic potentials generated by each of the superposed electroplaques, as a response to the released acetylcholine (11) . The temperature change was very sharp when the samples contacted the cooling mixture, which in this experiment occurred at ms 24. From this pattern of records, one can determine that the specimen under observation received its stimulus 17 ms before the impact. The delay between stimulation and impact was similarly established for the other prisms. This is the value reported on the abcissas of Fig. 4 .
Freeze-fraction replicas obtained with this method gave micrographs that were similar to those described for glutaraldehyde-fixed material (12, 13) and for material rapidly frozen either against a copper block maintained at 4 K (14) or in a liquid coolant after treatment with 4-aminopyridine (5). The typical organization of a nerve-electroplaque synapse can be seen in Fig. 2 . The nerve terminal is covered by a thin Schwann cell projection. At one place, it has been opened by the fracture so that its cytoplasm, particularly the synaptic vesicles, is exposed. The synaptic cleft separates the nerve ending from the postsynaptic membrane, which is the ventral plasma membrane of the electroplaque. In tangential fractures, the postsynaptic membrane shows a dense array of acetylcholine receptors (12) (13) (14) . In front of the nerve terminal, the postsynaptic membrane is invaginated, forming arches that are characteristic of this junction.
In other areas of replicas, structures probably located far from the freezing surface were obviously damaged by the freezing process since ice crystals were apparent. These areas were not included in the quantitative analysis.
Changes During Transmission of a Nerve Impulse. Very soon after the stimulus-i.e., when the stimulus-impact interval was 1 ms-the presynaptic plasma membrane was the site of a sudden ultrastructural change (Figs. 3 and 4A) . The density of intramembrane particles approximately doubled in both the E and the P faces. The change was highly significant and was found in all three experiments carried out at 16'C ( Fig. 3C ). This arrangement was never observed in Torpedo unstimulated presynaptic membranes or in terminals frozen more than 4 ms after the stimulus.
Large pits (.20 nm) were found in a small proportion of nerve terminals. Their number and distribution did not significantly change at any time after the stimulus ( Table 2) .
Low-Temperature Experiments. To test under different conditions whether the time course of presynaptic IMP changes was still related to the time course of the physiological processes in the tissue, we carried out two stimulation-freezing experiments at a lower temperature (50C). This slowed down the electrical discharge, characterized by prolonging the synaptic delay and the course of the postsynaptic response. These effects can, at least partly, be attributed to a slowing down of transmitter release. The increase in IMP density still occurred at 50C; the morphological changes started 0.5-1 ms later than at 16'C and lasted for 3-5 ms. Therefore, there was a good correspondence between the effects of temperature on the electrical events and on the density of presynaptic IMPs (Fig. 4B) .
Also, experiments were conducted at a lower temperature to improve our chance of detecting vesicle openings since this process may have been so fleeting that at 16-18TC it escaped detection. However, as shown in Table 2 , at 50C as at 16-18TC, the number of pits did not increase before, during, and after the increase in IMP density. Rather, the number of pits tended to decrease after stimulation.
Low-Ca Conditions. In the absence of Ca, synaptic transmission is blocked. Action potentials are still carried down along the axon and invade nerve terminals, but the neurotransmitter is no longer released (15) . Thus experiments were (16) in modified solutions that contained either 0.1 mM Ca and 1.3 mM Mg, or no added Ca and 5 mM Mg. They were then mounted on the freezing head, stimulated, and frozen exactly as in the other experiments. The prisms, as expected, did not generate any electrical response and, on the freezefracture replicas of the presynaptic membrane, we did not find any significant increase in the IMP number in the period immediately following the stimulus (Fig. 4C) . FIG. 4 . Changes in the number of IMPs in the presynaptic membrane before, during, and after the passage of a single nerve impulse. Experiments were done at 16'C (A), at 50C (B), and in low Ca media (C). In A and B the different symbols refer to data from different organs, while in C * and * represent data from two organs tested in medium containing 0.1 mM Ca and 1.3 mM Mg, and A represents data from one organ tested in medium with no added Ca and 5 mM Mg. For each condition, the IMP density as a function of time (mean ± SEM) in the P (Top) and the E (Middle) faces and the corresponding electrophysiological trace (Bottom), the electroplaque response recorded as a postsynaptic current by a focal electrode (calibration, 10 nA and 1 ms) are shown. Both the ultrastructural and physiological changes are plotted with the same time scale; the abscissa in the graphs represents the interval between stimulus and impact (see Fig. 1 ). The horizontal-lined areas correspond to the mean IMP density ± SD of unstimulated 16°C controls. At 16°C (A), the IMP density very sharply rose between 0 and 1 ms after the stimulus and returned to resting value 2-3 ms later. At 5°C (B), the IMP change exhibited a longer delay, a lower amplitude, and a longer duration than at 16°C. This was in good correspondence with the changes of the electrical response. With the low-Ca concentration (C), independent of Mg concentration, synaptic transmission was blocked, and no significant change in IMP density was seen in the presynaptic membrane after the stimulus. done in low-Ca medium to determine if IMP changes were related to depolarization of nerve terminals or to subsequent processes (Ca entry or acetylcholine release). Therefore, prisms were incubated until failure of synaptic transmission (10) 844 ± 63 (10)* 261 ± 13 (13) E face <10 nm 210 ± 10 (9) 226 ± 5 (9) 234 ± 9 (13) .10 nm 101 ± 9 (9) 360 ± 39 (9)* 88 ± 7 (13) Data were from 16°C experiments. The IMP density was determined on flat areas of presynaptic plasmalemma and expressed as the mean number of IMP per ,um2 + SEM. In parentheses is shown number of replicas examined. In each replica, 10 different nerve terminals were analyzed. As 1 ,um2 was examined for each terminal, the total area counted per replica was 10 Am2 for each face.
*Significantly higher than controls (P < 0.001).
DISCUSSION
In the absence of 4-aminopyridine or other potentiating agents, transmission of a nerve impulse at a cholinergic synapse is an event of very short duration. The results presented here show that significant ultrastructural changes can be caught by the rapid-freezing technique. When a nerve impulse is carried through a Torpedo nerve-electroplaque junction, there is a momentary increase in the number of IMPs in both faces of the presynaptic membrane. The change included only the particles >10 nm in diameter. It reproducibly started between 0 and 1 ms after the stimulus and lasted for 2-3 ms. Reducing temperature from 16 to 5°C delayed the time course and decreased the amplitude of the electrical response and of the IMP modifications. At a low-Ca concentration, synaptic transmission was blocked, and the new population of large IMP did not appear in the presynaptic membrane.
Compared with the results obtained with 4-aminopyridine (5), the present changes were similar in all aspects except for the time course (with 4-aminopyridine, the electrical response and IMP changes were considerably prolonged, lasting for -0.5 s). Acetylcholine release in Torpedo synaptosomes is also accompanied by changes in IMP density and in size distribution; the number of large IMPs increases in synaptosomes (as in the present results) but there is a reduction in the number of small IMPs (6, 7). Other preparations that were stimulated by various means prior to fixation with aldehydes and freeze-fracture have also been reported to exhibit IMP changes, usually an increase in the population of large particles (16) (17) (18) 24) . In the frog neuromuscular junction, clusters of large IMPs have been seen at active zones a few milliseconds after the stimulus in the absence of 4-aminopyridine. They were interpreted as images of late vesicle fusion, with the assumption that vesicles collapse so fast in the absence of the drug that they are hard to fix in the open configuration (1 (1987) vesicle opening was to correspond to 1 quantum, we should have observed a mean increase of 1.3 vesicle openings per ,um2 of presynaptic membrane, but we did not.
An important question is to what extent the physiological processes occurring at the synapses might have been quenched or distorted by the freezing method. The exact time to freeze the most superficial layers could not be measured with our system, but it was extrapolated from records of thermocouples placed deeper in the tissue (5, 21) . The results suggest that a layer situated at 10 gm from the tissue surface is frozen in less than 1 ms, which compares well with thermocouple measurements performed with a similar freezing system (22) . We cannot exclude the possibility that our freezing technique was not fast enough to fix vesicle openings. However, it may be noted (i) that at 50C, when the physiological processes were considerably slowed down, no increase in vesicle openings was observed; (ii) that freezing was fast enough to fix significant IMP changes that lasted for only 2 ms at 16'C; and (iii) that, as already mentioned (5), the vesicle membrane contain IMP of both large and small size, whereas only large IMPs were seen to increase in number at the plasma membrane during transmitter release.
Large IMPs transiently appeared in the presynaptic plasmalemma during nerve impulse transmission. The phenomenon took place at exactly the same time in the P and E faces, indicating that in the analyzed terminals the two leaflets were probably frozen within the same millisecond, which may not occur in the neuromuscular preparation (4). The particles examined in the present work were probably not donated to the membrane by synaptic vesicles after a rapid fusion for the reasons given above. Moreover, vesicular acetylcholine is apparently a stable pool that is not immediately mobilized on activity (23) , and an increase in the number of large IMPs was also found in a system where acetylcholine release was elicited in the absence of synaptic vesicles (8) . The momentary increase in the number of large IMPs is not simply related to the depolarization of nerve endings since it did not take place in the absence of Ca, when the action potential still reached the terminals and depolarized them. It seems also unlikely that it reflected Ca entry through Ca channels since, with Torpedo synaptosomes, IMP changes were also observed when Ca enters through an ionophore, short circuiting the natural channels (6) (7) (8) . The increase in IMPs is therefore due to some process consecutive to Ca entry, possibly to activation of the acetylcholinereleasing mechanism. The density of the new IMP population was quite high for a few milliseconds-500-600 ,um 2 on the P face and 300-400 .um-2 on the E face. When this figure is compared with the rate of quantal release (apparently 1.3 quanta per um-2 in this tissue for transmission ofan impulse), it becomes evident that a correlation cannot be established for the moment. It is also premature to hypothesize about the physical nature of these IMP: displacement of proteins in the membrane, aggregation or disaggregation of polymers, creation of a hydrophylic core in the lipid phase, etc. The only conclusion that can be reached at this time is that these IMP changes are observed in the presynaptic membrane in a significant and reproducible manner. They occur under all conditions where acetylcholine is released, especially in the most natural condition; that is, during the short instant when a nerve impulse is transmitted.
